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ABSTRACT 


Cooper,  Conway  Edward,  MSCE,  Purdue  University,  August  1971,   An 
Evaluation  of  Traffic  Signal  Coordination.   Major  Professor:   William 
L.  Greece 


This  research  reports  the  results  of  a  study  to  determine  the  impact 
of  a  flexible  coordinated  traffic  signal  system  on  the  traffic  patterns 
and  flow  of  a  medium  sized  city.   The  primary  objective  of  the  research 
was  to  evaluate  the  benefits  realized  by  the  installation  of  a  flexible 
coordinated  system  when  compared  to  less  sophisticated  and  less  costly 
systems,  then  to  determine  whether  or  not  the  benefits  derived  justified 
the  cost  of  the  flexible  system. 

The  project  was  started  in  the  fall  of  1962  at  which  time  the  city 
of  Lafayette,  Indiana,  in  cooperation  with  the  Indiana  State  Highway 
Commission  had  contracted  to  have  a  flexible  coordinated  traffic  control 
system  installed  in  the  central  business  district  of  the  city.   This 
system  utilizes  Electro-Ma  tic  PR  Coordinated  Signal  Control  System 
equipment  manufactured  by  the  Automatic  Signal  Division  of  Laboratory 
for  Electronics,  Inc.   This  installation  afforded  a  great  opportunity 
to  obtain  the  data  required  to  evaluate  the  impact  and  economic  conse- 
quences of  a  system  of  this  type  on  a  medium  sized  city. 

At  this  time  travel  time  runs,  with  simultaneous  volumes  taken,  were 
conducted  for  three  different  modes  of  signal  operation,  these  being  an 
uncoordinated  random  mode,  a  coordinated  simultaneous  mode,  and  a 


coordinated  single  alternate  mode  „  When  work  resumed  in  1970  travel  time- 
runs  were  conducted  for  the  flexible  coordinated  system,  and  the  analysis 
was  performed. 

In  order  to  isolate  the  effect  of  the  signal  timing  on  delays,  runs 
involving  other  delays  due  to  pedestrians,  turning  cars,  and  parking  cars 
were  discarded.   This  allowed  the  relationships  among  volume,  travel 
time,  and  signal  mode  to  be  determined,, 

The  analysis  was  intended  to  reveal  which  system  functioned  most 
efficiently  at  different  volume  levels;  however,  the  flexible  system  was 
shown  to  be  superior  to  the  other  modes  over  the  entire  range  of  volumes 
tested.   The  flexible  system  produced  significant  savings  in  total 
travel  times,  delay  times,  and  number  of  stops  per  run  for  all  volumes. 

An  economic  equation  was  developed,  and  the  flexible  system  was 
shown  to  realize  a  savings  in  delay  time  and  operating  costs  valued  at 
the  present  time  of  approximately  140,000  dollars  per  year.   Using  a  ten 
percent  rate  of  return  this  analysis  also  showed  the  flexible  system  to 
have  saved  in  terms  of  delay  time  and  operating  costs  an  amount  equal  to 
the  initial  capital  cost  of  the  system  in  less  than  two  years  from  the 
completion  of  its  installation.   This  analysis  also  showed  the  flexible 
system  to  have  realized  a  net  savings  of  590,000  dollars  for  the  period 
of  time  starting  in  1963  and  ending  in  1971.   A  relatively  high  interest 
rate  was  used  in  order  to  compensate  for  the  effects  of  inflation 
Finally  suggestions  for  improving  the  efficiency  of  the  flexible  system 
are  given. 


INTRODUCTION 


General 


Considerable  research  in  the  field  of  traffic  operations  has  been 
conducted  during  recent  years.   However,  much  of  the  work  has  been  con- 
cerned with  either  rural  operations  or  the  problems  of  large  metropolitan 
areas,  with  relatively  little  research  devoted  to  the  needs  of  the  small 
to  medium  sized  cities.   These  communities  are  often  faced  with  traffic 
problems  as  real  and  complex  as  those  existing  in  the  large  cities. 

It  is  often  said  that  the  most  important  traffic  problems  to  an 
individual  are  those  problems  encountered  daily  by  that  individual.   As 
a  natural  consequence  of  this  maxim,  curbstone  traffic  engineers  some- 
times propose  "solutions"  that  are  logical  to  them  but  unrealistic.   The 
small  city,  lacking  trained  personnel  with  adequate  factual  information, 
is  particularly  vulnerable  to  community  and  political  pressures  resulting 
from  these  proposals.   Often  officials  are  forced  into  action  by  these 
pressures,  and  in  many  instances  the  results  are  less  than  desirable. 

In  recent  years  the  flexible  coordinated  traffic  signal  system  has 
been  acclaimed  as  the  ultimate  in  moving  traffic  efficiently.  This  is 
the  signal  system  with  a  brain;  no  longer  is  the  traffic  engineer  tied 
to  a  pre-timed  three  dial  local  controller.  He  can  now  have  the  system 
in  effect  that  meets  the  instantaneous  demand  most  efficiently  through 
vehicle  detection,  computerization  and  interconnection.   This  is  good, 


but  can  this  system  be  used  effectively  and  economically  in  the  small  to 
medium  sized  city?   Do  the  demands  vary  enough  in  the  small  city  to 
warrant  the  flexibility  of  this  new  system?   Do  the  benefits  derived 
justify  the  additional  expense  of  the  flexible  system?  Would  a  less 
expensive  system  get  the  job  done  at  the  same  efficiency?   These  are 
questions  that  must  be  answered  before  the  policy  makers  can  make  a 
reasonable  decision. 

Pre-timed  coordinated  systems  are  very  efficient  in  some  instances. 
These  systems  do  not  have  the  ability  to  respond  to  the  actual  traffic 
demand,  but  operate  within  a  pre-determined  set  of  cycle  lengths  (usually 
three)  based  upon  average  conditions.   Pre-timed  systems  are  less  sophis- 
ticated than  flexible  systems;  therefore,  require  less  equipment  and  are 
less  costly.   Perhaps  this  system  is  the  answer  to  the  small  city  traffic 
dilemma . 

Coordination  is  provided  by  interconnecting  circuits  of  individual 
intersection  controllers  so  as  to  cause  traffic  to  move  in  platoon 
fashion.   Under  normal  traffic  volumes,  properly  coordinated  signals  can 
be  very  effective  in  producing  a  smooth  flow  of  traffic.   However,  co- 
ordinated movements  are  often  shattered  if  the  street  is  overloaded. 
Four  systems  of  coordination  are  in  common  use.   They  utilize  simultaneous, 
alternate,  simple  progressive,  and  flexible  progressive  modes  of  operation. 
Here  the  first  three  modes  refer  to  pre-timed  systems  and  in  the  case  of 
the  fourth  mode  the  word  flexible  refers  to  its  ability  to  monitor  actual 
traffic  conditions.   The  flexible  system  could  be  programmed  to  produce 
any  of  the  three  previous  modes  of  operation  at  predetermined  levels 
of  vehicle  detection.   The  simultaneous  mode  makes  all  color  indications 


on  a  given  street  alike  at  the  same  time,  and  produces  high  vehicle 
speeds  between  stops  but  low  overall  speeds.   The  alternate  mode  has  all 
signals  (single  alternate)  or  adjacent  pairs  of  signals  (double  alter- 
nate) on  a  given  street  show  different  colors.   Alternating  operation 
requires  that  the  cycle  be  divided  so  that  the  minor  street  receives 
the  same  percentage  of  green  time  at  all  intersections;  this  is  also 
true  with  simultaneous  operation.   The  simple  progressive  system  pro- 
vides indications  at  each  intersection  individually  so  that  traffic 
moves  in  a  nearly  continuous  flow  of  platoons  at  a  predetermined  speed. 
While  requiring  a  common  cycle  length,  it  does  permit  some  variation  in 
the  cycle  divisions.   The  flexible  progressive  system  uses  a  master- 
controller  device  that  directs  the  local  intersection  controllers.   This 
provides  more  flexibility  by  permitting  remote  control  adjustments  of 
the  cycle  length,  offsets,  and  splits. 

As  the  signal  system  becomes  more  sophisticated,  it  also  becomes 
more  complex.   The  result  is  greater  cost.   Because  of  their  partici- 
pation in  the  costs,  public  works  agencies  are  concerned  with  the  value 
received  for  the  funds  invested.   Therefore,  it  is  necessary  to  evaluate 
the  effects  of  a  flexible  coordinated  system  on  the  traffic  flow  of  a 
medium  sized  city  so  that  we  might  have  factual  information  on  which  to 
base  the  feasibility  of  installing  this  system  in  cities  of  like  popu- 
lation. 

Purpose 
The  purpose  of  this  study  is  to  investigate  the  interrelationships 
among  travel  time,  delay  time,  congestion,  and  signal  coordination  on 
one-way  streets  in  the  central  business  district  (CBD)  of  Lafayette, 


Indiana.   The  comparison  of  these  data  with  the  associated  costs  to  the 
road-user  permits  an  evaluation  of  the  effectiveness  of  the  different 
types  of  signal  operation.   This  analysis  reveals  the  overall  effective- 
ness of  the  flexible  coordinated  system  relative  to  less  costly  alterna- 
tives . 

Procedure 
Factual  information  is  best  obtained  by  before  and  after  studies  of 
traffic  patterns.   Such  studies  can  only  be  accomplished  by  the  actual 
installation  of  a  coordinated  signal  system.   The  installation  in 
Lafayette  provided  an  excellent  opportunity  to  obtain  this  evaluation. 
The  flexible  coordinated  system  was  to  be  compared  with  less  costly 
coordinated  and  uncoordinated  pre-timed  systems.   A  good  indicator  of  a 
system's  relative  value  is  reflected  in  the  time  required  to  traverse  a 
given  route  through  the  system  under  varying  conditions  of  volume.   If 
travel  time  data  is  collected  for  each  mode  of  operation  for  the  same 
route  and  the  same  volumes  certain  conclusions  as  to  the  relative  worth 
of  each  system  under  all  conditions  can  be  drawn.   Travel  time  runs  were 
conducted  under  the  same  conditions  for  each  of  these  four  modes  of 
signal  operation: 

1.  Uncoordinated  random  signal  settings 

2.  Coordinated  simultaneous  signal  settings 

3.  Coordinated  single  alternate  signal  settings 

4.  Flexible  coordinated  signal  settings 

An  analysis  will  be  performed  using  this  data  to  determine  which  of 
these  systems  operates  most  efficiently  at  different  volume  levels. 
Finally  benefits  realized  by  the  flexible  system  in  monetary  terms  will 
be  determined. 


REVIEW  OF  LITERATURE 

This  study  deals  most  heavily  with  the  economic  evaluation  of  alterna- 
tive methods  of  controlling  urban  traffic .   In  order  to  obtain  the  infor- 
mation required  for  this  evaluation  the  two  closely  related  subjects  of 
travel  time  and  delay  become  topics  of  interest  also.   An  investigation 
of  the  literature  related  to  these  three  subjects  reveals  a  preponderance 
of  material  available  concerning  travel  times  and  delays.   Since  the 
interest  here  is  not  to  develop  a  new  method  of  collecting  this  type  of 
data  or  development  of  an  alternative  measure  of  a  system's  effectiveness, 
the  review  pertaining  to  these  subjects  will  serve  only  to  illustrate  the 
various  methods  employed  in  obtaining  travel  times  and  delays. 

Travel  Time  and  Delay 
Total  travel  time  is  the  time  required  for  a  vehicle  to  traverse  a 
given  section  of  roadway.   Included  are  stopped  time  and  running  time. 
Running  time  is  the  time  that  the  vehicle  is  in  motion  and  stopped  time, 
as  it  implies,  is  the  time  the  vehicle  is  required  to  be  stopped  due  to 
traffic  control  devices  and  other  factors  that  tend  to  impede  the  flow  of 
traffic.   Because  the  driver  often  considers  total  travel  time  in  reach- 
ing his  destination  as  the  criterion  for  selecting  a  certain  route,  travel 
time  is  given  consideration  in  the  evaluation  of  a  highway  system  (1)  . 


* 

Numbers  in  parentheses  refer  to  items  in  Bibliography. 


Travel  time  is  an  effective  measure  of  level  of  service,  both  for  indi- 
vidual routes  and  for  urban  streets  and  freeway  systems  (2).   As  in  this 
research,  one  of  the  objectives  of  travel  time  studies  is  analyzing  road- 
user  benefits  (3). 

Travel  times  and  delays  can  be  measured  by  any  of  several  different 
methods.   The  information  that  is  to  be  obtained  sometimes  dictates  the 
method  to  be  used.,   Such  was  the  case  in  this  study.   Generally  travel 
time  data  is  collected  by  either  license  matching  procedures  or  test 
car  techniques. 

The  license  matching  method  has  been  generally  accepted  as  being  a 
reliable  standard  upon  which  to  base  the  accuracy  of  other  methods, 
License  numbers  along  with  the  time  of  the  observation  are  recorded  at 
the  terminal  points  of  the  test  section.   The  numbers  are  later  matched 
to  determine  the  travel  time.   The  major  disadvantages  of  this  method 
are  the  large  number  of  man-hours  required  for  matching  and  the  fact  that 
delays  are  not  identified  according  to  location  and  cause.   A  variation 
of  this  method  is  the  arrival-output  volume  rate  method.   This  method  is 
useful  only  where  there  is  reasonable  certainty  that  vehicles  will  pass 
both  observation  points  of  the  test  section  (4). 

There  are  two  generally  acceptable  test  car  methods  ("average  car" 
method  and  "floating  car"  method).   According  to  the  "floating  car"  method 
the  driver  of  the  test  vehicle  is  instructed  to  pass  as  many  cars  as  pass 
him,  and  in  the  "average  car"  method  the  driver  is  to  approximate  the 
average  speed  of  the  traffic  without  maintaining  a  balance  of  passings. 
The  "average  car"  method  has  been  found  to  produce  results  with  higher 
accuracy  than  the  "floating  car"  method  for  the  same  sample  size  (4,5). 


Another  test  car  technique  is  known  as  the  "maximum  car"  method  by  which 
the  driver  is  instructed  to  maintain  a  speed  as  near  as  possible  to  the 
maximum  allowable  speed  limit.   This  method  is  not  thought  to  give  a 
true  measure  of  average  travel  times  (3). 

Other  less  used  methods  include  spot  speeds  (not  accurate  unless  the 
speed  over  the  entire  test  section  is  nearly  uniform),  ground  or  air 
photography,  and  driver  interviews  (4). 

For  a  more  complete  review  of  the  literature  dealing  witli  travel 
times  and  delays  see  reference  6,. 

An  Economic  Consideration 

Included  in  the  annual  cost  of  highways  are  first  cost,  maintenance 
cost,  operating  cost,  administrative  and  overhead  cost,  resurfacing  cost, 
salvage  value  and  the  rate  of  return  (7).   These  are  the  costs  that  are 
dealt  with  when  different  projects  are  compared  with  respect  to  benefits 
in  order  to  determine  which  alternative  is  most  desirable.   However,  the 
major  portion  of  the  annual  cost  associated  with  the  operation  of  an 
urban  traffic  signal  system  is  the  cost  to  the  user  (operating  cost). 

The  evaluation  of  highway  user  costs  is  an  important  step  in  the 
economic  analysis  of  highway  improvements  (8).   This  statement  also  per- 
tains to  urban  streets  and  traffic  control  systems.   The  performance  of 
vehicles  has  been  observed  and  the  results  reported,  beginning  in  1920. 
Winfrey  (9)  states: 

"Despite  the  years  of  research  and  testing  of  the  per- 
formance of  motor  vehicles,  the  literature  is  still 
seriously  lacking  in  the  effect  of  highway  design  and 
traffic  operations  on  the  running  cost  of  motor  ve- 
hicles.  With  the  increase  in  traffic  and  the  develop- 
ment of  urban  congestion,  it  has  become  desirable  to 
study  minutely  the  features  of  highway  design  as  they 
affect  the  running  cost  of  motor  vehicles." 


Several  methods  have  been  developed  to  determine  vehicle  operating 
costs.   Among  these  are  individual  vehicle  owner  records,  laboratory 
tests,  and  actual  vehicle  testing.   In  general  these  methods  have  been 
used  independently  of  one  another,  however,  better  results  could  be 
obtained  by  combinations  of  these  methods,   Winfrey  feels  that  an  accurate 
measure  of  the  following  cost  related  items  is  needed  in  the  calculation 
of  vehicle  operating  costs:  a)  fuel  consumption,  b)  tire  tread  wear,  c) 
engine  oil  consumption,  d)  maintenance  and  repair,  e)  depreciation  ex- 
pense, and  f)  accident  costs.   He  concludes  that: 

"Concentrated  study  of  the  literature  on  the  running 
cost  of  motor  vehicles  as  related  to  highway  design 
and  traffic  operations  reveals  the  fact  that  much  yet 
remains  to  be  done  through  testing  of  vehicles  to  pro- 
duce the  desirable  results." 

Related  Studies 
Very  little  research  has  been  done  comparing  the  effects  of  different 
signal  systems  utilizing  different  modes  of  operation  within  the  same 
arterial  street  system.   Generally  work  done  in  this  area  attempts  to 
develop  practical  methods  for  evaluating  the  performance  of  classes  of 
street  and  signal  systems  so  that  a  workable  plan  for  comparing  different 
sections  of  similar  geometries  and  signalization  might  be  made  available. 
In  a  study  by  J.  F „  Torres  (10)  travel  time  was  shown  to  be  the  key 
factor  in  the  evaluation  of  traffic  operations  and  was  also  shown  to  be 
significantly  and  reliably  related  to  volume,  given  specific  street 
section  characteristics.   Of  the  variables  tested  signal  density  was 
shown  to  have  the  most  significant  effect  on  the  variation  of  travel 
times  in  coordinated  systems.   Road  width,  percent  green  time,  and  park- 
ing had  a  lesser  effect.   The  signal  density  weighted  by  the  ADT  of  the 


cross  traffic  was  found  to  be  the  significant  factor  for  traffic- 
actuated  and  traffic-supervised  systems. 

The  procedures  and  results  of  the  following  two  evaluation  type 
studies  are  thought  to  be  pertinent  to  this  research.   The  first,  a 
study  comparing  a  random  signal  system,  a  progressive  signal  system,  and 
the  pacer  system  (11)  was  started  in  1961  in  Macomb  County,  Michigan 
and  ran  for  a  period  of  15  months.   The  pacer  system  was  developed  in 
1954  in  Germany  by  Dr .  Wolfgang  von  Stein„   This  system  not  only  in- 
corporates accurate  phasing  of  successive  intersection  signals,  but  also 
provides  continuous  supplementary  speed  information  for  arrivals  during 
the  green  phase  of  the  cycle„   This  is  accomplished  through  staging 
areas  on  the  signal  system  approaches  that  regulate  traffic  speed  to  the 
speed  of  progression  through  pre-signals  and  variable  speed  displays  that 
indicate  the  optimum  speed  for  clearing  all  signals.   This  study  showed 
decreased  number  of  stops  and  increased  intersection  capacity  attributed 
to  the  pacer  system.   Also  this  system  was  shown  to  be  favored  by  the 
majority  of  motorists.   The  second  study  (12),  conducted  in  Washington, 
D„C.,  was  to  determine  the  changes  in  traffic  flow  characteristics 
measured  on  a  system  of  three  parallel  streets,  when  the  operation  of  the 
system  was  changed  from  three  two-way  streets  to  a  one-way  street  on  each 
side  of  a  two-way  street.   Here  the  results  are  not  as  pertinent  as  the 
procedure  used  in  the  economic  analysis.   A  monetary  value  was  to  be 
placed  upon  the  savings  realized  by  the  change  in  traffic  operations. 
To  obtain  this  the  mean  travel  time  for  each  condition  was  multiplied  by 
the  respective  daily  volumes.   This  resulted  in  a  total  daily  travel  time.. 
The  total  for  the  new  operation  was  subtracted  from  the  old  and  the  result 


LO 


was  multiplied  by  1.35  dollars  per  hour  (value  of  time)  to  obtain  a 
daily  savings.   The  cost  savings  for  the  stops  eliminated  by  the  new 
system  operation  was  also  determined.   These  figures  were  then  expanded 
to  a  yearly  savings. 

A  New  Approach 

Traffic  engineers  see  the  need  to  upgrade  our  signal  systems  to 

better  meet  today's  demands.   J.  L„  Kay  (13)  puts  it  this  way: 

"The  problems  of  urbanization  have  manifested  themselves 
in  many  ways.   One  of  the  more  publicized  elements-- 
traffic  congestion—is  of  immediate  concern  to  the  traf- 
fic engineer.   In  an  attempt  to  reduce  the  congestion, 
every  effort  is  being  made  to  maximize  the  service 
offered  to  the  motorists  by  the  surface  street  system. 
That  part  of  the  overall  system  which  controls  traffic 
through  major  inter  sec tions-- traffic  signals--is  being 
evaluated  in  many  cities  to  determine  which  improve- 
ments are  practical. 

The  signal  control  systems  in  many  of  these  cities  are 
over  twenty  years  old.   The  control  philosophies  in  use 
are  constrained  by  the  old  equipment  which  was  designed 
to  meet  the  needs  of  the  immediate  post-World  War  II 
period.   This  equipment  and  its  associated  control 
philosophy  may  not  be  adequate  to  meet  today's  needs 
or  those  of  the  near  future.   A  decision  must  be  made 
as  to  what  kind  of  revised  control  system  is  best 
suited  to  a  given  set  of  conditions.   Since  the  de- 
cision involves  a  major  investment,  it  should  be  made 
on  as  sound  a  basis  as  possible. 

Traditionally,  signal  system  evaluation  has  been  based 
solely  on  the  reduction  in  motorists'  stops  and  delays. 
That  approach  assumes  that  reduction  in  stops  and  de- 
lays can  be  accurately  forecast  for  a  range  of  alter- 
native systems  over  a  long  period  of  time.   The  pre- 
cision of  these  forecasts  is  readily  accepted  when,  in 
fact,  the  accuracy  of  such  forecasting  is  questionable. 
In  addition,  it  contains  the  inherent  assumption  that 
reduction  in  stops  and  delays  is  the  only  beneficial 
factor  meriting  consideration." 

Kay  feels  that  a  new  approach  to  signal  system  evaluations  is  needed 

since  many  benefits  of  a  signal  system  are  relatively  intangible  and 
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cannot  be  translated  accurately  to  a  dollar  benefit.   He  says  it  is 
necessary  to  develop  a  proxy  value  to  measure  system  benefit  or  "utility". 
Then  a  composite  value  expressing  each  system's  total  utility  could  be 
developed.   A  systematic  procedure  for  this  new  approach  is  given  in 
his  paper,  and  follows.   Step  one  is  definition  of  the  goals  of  the 
signal  system.   This  is  followed  by  goal  weighting  in  order  to  determine 
the  proper  relationships  among  the  goals.   The  next  step  is  to  develop 
utility  measures  which  further  define  each  goal  and  to  which  a  qualitative 
rating  of  each  system  can  be  applied.   The  systems  are  then  ranked  accord- 
ing to  how  well  they  meet  each  utility  measure  and  a  total  utility  value 
is  calculated  for  each  system.   Finally  a  utility/cost  comparison  is 
done  to  determine  which  of  the  systems  represents  the  most  desirable 
investment.   This  is  not  as  precise  as  the  dollar  technique  benefit 
system,  but  it  is  more  realistic  since  it  considers  goals  other  than 
just  economic  in  the  decision  process. 

New  methods  are  being  developed  and  employed  in  the  areas  of  signal 
timing  and  system  evaluations,  among  these  are  methods  utilizing  the 
electronic  computer.   Signal  system  information  for  given  conditions  is 
fed  into  the  computer.   Using  the  input  data  the  computer  is  directed 
to  simulate  the  system  under  different  plans  of  operation,  thus  finding 
the  optimum  plan  (14,15).   This  technique  could  be  very  useful  in  the 
area  of  system  evaluation,  however  little  work  has  been  done  relating 
simulated  results  to  actual  results. 
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STUDY  AREA  AND  TRAFFIC  SIGNAL  SYSTEMS 

Study  Area 

Lafayette  is  located  in  the  west  central  part  of  the  state  of  Indiana 
in  Tippecanoe  County  (Figure  1) „   It  is  situated  along  the  east  bank  of 
the  Wabash  River  with  the  city  of  West  Lafayette  and  Purdue  University  on 
the  opposite  bank  of  the  river  (Figure  2) .   According  to  the  1970  census 
the  population  of  Lafayette  was  about  45,000.   West  Lafayette  claimed 
approximately  20,000  residents,  and  Purdue  enrolls  about  27,000  students 
at  this  campus  during  the  fall  and  spring  semesters.   The  county  popula- 
tion is  over  108,000. 

Since  the  CBD  of  Lafayette  is  the  only  large  commercial  district  in 
the  county  it  is  the  focal  point  of  the  entire  area;  therefore,  as  could 
be  expected  Lafayette  is  faced  with  a  very  real  traffic  problem.   This  is 
not  a  problem  that  is  unique  to  Lafayette  since  most  cities  of  this  size 
experience  periods  of  congestion  and  delay  daily;  however,  there  are  fac- 
tors that  tend  to  multiply  the  congestion  in  this  area. 

As  previously  stated  the  Wabash  River  cuts  through  this  area  separat- 
ing Lafayette  from  West  Lafayette  and  Purdue  University.   Only  three  river 
crossings  are  provided  to  serve  the  needs  of  the  two  cities,  and  all  three 
are  located  in  close  proximity  to  the  CBD  (Figure  2).   The  result  is  that 
all  inter-city  traffic  must  cross  the  river  at  one  of  these  three  loca- 
tions.  This  tends  to  "dump"  a  majority  of  the  region's  traffic  in  the 
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Lafayette  CBD.   Many  of  the  residents  of  the  area  reside  in  one  city  and 
work  in  the  other,,   Work  trips  combined  with  the  normal  traffic  and 
through  traffic  traversing  the  area  by  way  of  several  state  or  federal 
routes  which  pass  through  the  CBD,  create  a  great  deal  of  congestion  at 
peak  times .   The  CBD  arterial  streets  are  taxed  to  and  sometimes  beyond 
capacity  causing  travel  times  and  delays  to  mount .   Because  of  this,  the 
peaks  are  quite  high  and  demands  on  the  street  system  vary  quite  exten- 
sively in  the  course  of  one  day.   Another  factor  that  tends  to  increase 
congestion  is  the  presence  of  very  short  blocks  in  the  CBD„   This  part  of 
the  city  was  developed  during  the  nineteenth  century  when  establishment 
of  blocks  of  short  length  (approximately  340  feet  in  this  case)  was  com- 
mon practice.   Congestion  is  intensified  during  peak  times  when  traffic 
at  cross  streets  is  blocked  by  excessively  long  queues. 

The  major  arterials  in  this  area  are  shown  in  Figure  2.   The  east- 
west  arterials  are  two  one-way  couplets;  Main  and  Columbia  Streets  which 
pass  through  the  heart  of  the  CBD  and  Union  and  Salem  Streets  which  lie 
on  its  fringe.   Signal  operation  on  Union  and  Salem  Streets  is  not 
effected  by  the  new  installation.   The  study  area  was  naturally  limited 
by  the  extent  of  the  new  system;  therefore,  Main  and  Columbia  Streets 
were  the  obvious  choice  on  which  to  conduct  the  travel  time  runs.   The 
study  area  includes  the  CBD  and  its  fringe  area  encompassing  a  total  of 
30  signalized  intersections,  14  being  city  owned  and  16  on  state  roads, 
therefore  stated  owned  (Figure  3). 

Columbia  Street  carries  eastbound  traffic  through  the  CBD  at  an 
average  weekday  rate  of  6,730  vehicles  per  12  hour  day  (7:00  A.M.  to 
7:00  P.M.)  (Figure  4).   Main  Street  serves  westbound  traffic  for  the 
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same  area  at  a  rate  of  7,850  vehicles  per  12  hour  day  for  the  same  time 
period  (Figure  5).   Both  streets  are  two  lanes  with  parking  permitted  on 
both  sides. 

The  north-south  arterials  are  the  one-way  couplet  of  Third  and  Fourth 
Streets  running  through  the  heart  of  the  CBD,  and  Ninth  Street,  a  two-way 
street  on  the  fringe.   Third  and  Fourth  Streets  were  chosen  to  make  runs, 
in  order  to  check  the  effect  of  the  systems  on  cross  traffic.   Runs  were 
not  made  in  this  direction  for  modes  1,  2,  and  3  at  the  time  this  project 
was  started  in  1963.   The  before  conditions  could  not  be  reproduced  in 
1970;  therefore,  there  is  no  check  on  cross  traffic  for  these  modes. 
However,  runs  were  made  in  the  north-south  direction  for  the  flexible 
coordinated  mode,   This  information  can  be  used  as  the  before  data  at  a 
later  time  if  improvements  are  made  to  the  system. 

Third  Street  is  southbound.   It  is  two  lanes  wide  with  parking  on 
both  sides,  and  serves  7,790  vehicles  per  12  hour  day  (Figure  6) „   Fourth 
Street  is  northbound.   It  is  also  two  lanes  wide  with  parking  on  both 
sides,  and  carries  7,860  vehicles  per  12  hour  day  (Figure  7). 

Traffic  Signal  Systems 

Three  modes  of  operation  were  chosen  for  comparison  with  the  flexible 
coordinated  system.   All  are  less  costly  alternatives,  the  first  being 
uncoordinated  and  the  other  two  being  coordinated. 

The  signal  system  being  utilized  prior  to  the  installation  of  the 
new  system  employed  a  random  mode  of  operation,  wherein  each  individual 
intersection  was  controlled  independently  by  its  own  local  controller 
with  no  attempt  being  made  to  coordinate  operations.   With  this  type  of 
operation,  signal  timing  is  tailored  to  the  conditions  at  the  individual 
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intersections.   This  allows  for  many  different  cycle  lengths  and  splits 
to  be  used  throughout  the  system,  conceivably  as  many  as  there  are  inter- 
sections.  Independent  operation  is  desirable  for  isolated  locations 
where  the  timing  of  the  signal  does  not  effect  adjacent  signals,  but  in 
general,  it  is  undesirable  in  highly  signalized  areas  such  as  the  CBD. 
The  uncoordinated  system  does  not  establish  an  orderly  pattern  of  traffic 
flow  since  each  signal  operates  as  an  individual  and  not  as  part  of  a 
group.   Random  signal  timing  is  characterized  by  numerous  stops  and  de- 
lays, and  low  overall  travel  speeds.   This  is  the  basic  condition  and 
is  referred  to  as  mode  1  throughout  the  study. 

Systems  2  and  3  were  fully  coordinated  operations,  but  were  pre- 
timedo   These  systems  are  not  capable  of  responding  to  actual  traffic 
demands,  but  are  set  for  a  predetermined  set  of  cycle  lengths  and  splits. 
This  timing  is  based  upon  average  volume  conditions  within  the  system. 
These  systems  were  simulated  with  the  new  equipment  prior  to  its  being 
put  into  fully  automated  operation. 

System  2  utilized  a  simultaneous  mode  of  operation.   With  this  method 
of  signal  timing,  all  traffic  signals  in  the  system  change  color  indi- 
cations at  the  same  point  in  time,  with  all  indications  along  a  given 
route  being  the  same  with  the  cross  streets  showing  the  opposite  color. 
It  requires  that  all  signals  have  the  same  cycle  length  and  also  requires 
that  the  same  split  be  used  at  all  locations.   This  is  to  say  that  the 
minor  street  is  allocated  the  same  percentage  of  the  cycle  at  all  inter- 
sections regardless  of  the  traffic  distribution.   Simultaneous  operation 
is  characterized  by  high  speeds  between  stops,  but  low  over-all  speeds. 
It  is  also  thought  to  be  more  efficient  at  high  volumes  (near  capacity) 
than  other  modes. 
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A  single  alternate  plan  of  operation  is  one  in  which  every  other 
signal  indication  is  the  same  throughout  the  system.   It  also  requires  a 
common  cycle  length  and  a  common  split.   This  scheme  of  operation  is 
designated  as  mode  3. 

The  fourth  system,  the  object  of  this  study,  and  the  system  in 
operation  at  the  present  time  in  Lafayette,  is  a  flexible  coordinated 
system.   It  employs  a  flexible  progressive  mode  of  operation,  switching 
to  simultaneous  operation  at  high  volumes.   It  was  installed  in  1963 
and  utilizes  Electromatic  PR  Coordinated  Traffic  Control  equipment. 
This  equipment  is  quite  flexible  in  operation,  but  as  all  equipment  of 
this  type  its  efficiency  is  dependent  to  a  great  extent  upon  the  skill 
of  the  initial  programmer  and  the  data  available  to  him. 

The  system  consists  of  four  basic  components:   detection,  master 
control,  local  control,  and  interconnection.   A  schematic  diagram  of 
the  operation  is  shown  in  Figure  8.   The  obvious  advantage  that  this  set- 
up has  over  the  others  is  the  ability  to  monitor  traffic  conditions  and 
to  adjust  to  the  conditions  present  on  the  street  system  at  any  given 
time.   Sampling  detectors  at  representative  locations  in  the  signal 
system  area  continuously  provide  the  master  controller  with  information 
about  traffic  performance. 

Various  combinations  of  six  cycle  lengths,  five  offsets,  and  three 
cycle  splits  can  be  specified  for  anticipated  conditions  of  traffic  flow. 
They  are  put  into  effect  automatically  as  operating  instructions  to  the 
local  controllers  by  the  master  control  in  accordance  with  measured 
changes  in  traffic  demand. 
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I.  INBOUND  SAMPLING  DETECTOR 

2.  OUTBOUND    SAMPLING 
DETECTOR 

3.  MASTER   CONTROL 

4.  LOCAL    INTERSECTION  CONTROLLER 

5.  SIGNAL   HEAD 


FIGURE  8  -  ELEMENTS  OF  PR  COORDINATED 
TRAFFIC   SIGNAL  CONTROL 
SYSTEM 
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Master  control  and  local  controller  settings  are  first  determined 
for  various  probable  traffic  conditions  through  the  use  of  time-space 
diagrams „   Cycles,  offsets,  and  splits  for  inbound,  outbound,  and  average 
traffic  on  an  arterial  street  may  be  provided  for  by  the  settings  of  the 
master  controller  and  local  controllers.   In  a  grid  system  the  settings 
may  provide  for  favoring  either  north-south  or  east-west  traffic  when 
required,  with  compromise  settings  for  periods  of  equal  demand  in  both 
directions . 

As  the  total  traffic  in  the  system  varies  during  the  day  between 
minimum  and  maximum  values,  as  many  as  six  different  cycle  lengths  can 
be  used  in  the  range  of  40  to  120  seconds  (  16-) . 

Proper  location  of  sampling  detectors  is  essential  for  a  vehicle 
responsive  system  such  as  this„   This  is  of  primary  importance  since 
the  detection  phase  of  the  operation  must  supply  information  to  the  com- 
puter that  is  representative  of  the  actual  conditions  that  exist  on  the 
street  system  at  any  given  time.   Detectors  should  be  located  with  refer- 
ence to  the  major  traffic  flow  with  which  they  are  associated.   A  de- 
tector for  outbound  traffic  measurement  should  be  located  where  it  will 
show  a  definite  outbound  movement  (16),  When  possible  it  is  desirable  to 
have  duplicate  sampling  points  to  compensate  for  the  effect  of  circuit 
failure,  street  repairs,  accidents,  or  other  interruptions  at  any  one 
sampling  location.   Detectors  should  be  located  on  free  flowing  streets 
far  enough  from  the  system  to  give  the  master  control  ample  time  to 
adjust  for  varying  levels  of  detection.   Free  flowing  streets  are  re- 
quired since  a  false  indication  of  light  traffic  could  be  interpreted 
on  a  street  that  experienced  much  congestion  and  slow  moving  or  stopped 
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traffic.   The  Lafayette  system  employs  radar  detectors  at  the  locations 
shown  in  Figure  9. 

Sampling  detector  information  is  relayed  to  the  master  control  unit 
which  is  housed  in  the  Traffic  Improvement  Department  headquarters  build- 
ing shown  on  Figure  9.   This  unit  and  its  component  parts  are  shown  in 
Figure  10.   The  installation  is  made  up  of  two  cycle  computers,  one 
system  selector,  one  cycle  generator,  one  switching  panel,  one  system 
supervisor,  one  amplifier,  and  a  power  supply. 

While  one  of  the  two  computers  is  capable  of  responding  to  from  one 
to  four  inbound  detectors,  the  other  can  be  responsive  to  from  one  to 
four  outbound  detectors.   Each  computer  selects  a  cycle  length  based  upon 
the  average  detected  volume.   The  system  selector  then  selects  the  longer 
of  the  two  cycle  lengths  and  determines  the  offset  based  upon  the  dif- 
ference in  the  two  computed  cycle  lengths. 

Example  1:   Inbound  computer  selects   -  Cycle  B 
Outbound  computer  selects  -  Cycle  E 

The  system  selector  then  selects  Cycle  E 
Since  it  is  the  longer  of  the  two.   Cycle 
lengths  are  designated  by  A,  B,  C,  D,  E, 
and  F;  therefore,  there  are  three  steps 
between  B  and  E.   This  tells  the  system 
selector  that  outbound  traffic  is  much 
heavier  than  inbound  traffic.   The  se- 
lector then  chooses  the  outbound  offset 
which  favors  outbound  traffic„ 


Example  2:   Inbound  computer  selects   -  Cycle  C 
Outbound  computer  selects  -  Cycle  C 

System  selector  selects  -  Cycle  C  and 
average  offset. 

This  information  is  then  sent  out  as  operating  instructions  to  the 

local  intersection  controllers. 
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MC-ll  Cycle  Computers  (shown) 
or  MC-41  Vehicle  Density  Cycle 

Selector  and 
M-107  Radar  Speed  and  Impulse 
Translators   


MC-15B  System  Selector 


MC-12C  Cycle  Generator 


Switching  Panel 


MC-31  System  Supervisor 


MC-23A  Dual  Amplifier 


MC-22  Generator-Translator 


MC-24A  Power  Supply  and 
Converter 


Filtered  Cabinet  Cooling  Fan 


FIGURE  10 -MASTER  CONTROLLER 


31 


The  local  controller  receives  the  master  control  command  and  responds 
to  it  at  the  individual  intersection.   Additional  flexibility  is  pro- 
vided through  use  of  dial  settings  at  the  local  controller.   Each  local 
controller  has  provisions  for  setting  three  different  cycle  splits. 
These  split  settings  are  associated  with  offsets  by  means  of  switches 
on  the  controller.   A  single  split  can  be  used  for  all  offsets,  or  any 
one  of  the  three  available  splits  can  be  associated  with  any  desired 
offset.   Pedestrian  clearance  intervals  and  special  intervals  such  as 
advance  green  or  all  red  clearance  periods  can  also  be  provided  by  dial 
settings.   Interconnection  of  circuits  was  accomplished  through  the  use 
of  telephone  lines.   For  a  detailed  explanation  of  this  system's  opera- 
tion see  reference  16. 
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DATA  COLLECTION 

The  data  consists  of  travel  time  runs  over  the  range  of  volumes 
within  the  system  for  each  of  the  four  modes  of  signal  operation,  and 
volumes  collected  simultaneous  to  the  travel  times.,   Spot  speeds  were 
also  taken  at  various  points  within  the  system. 

The  east-west  route  chosen  for  the  runs  is  shown  in  Figure  11.   The 
route  consists  of  Main  Street  (westbound)  and  Columbia  Street  (east- 
bound).   These  streets  were  used  because  they  pass  through  the  study 
area  and  they  are  the  most  heavily  traveled  arterials  of  the  area. 

As  the  test  vehicle  passed  the  point  designated  as  A  (Figure  11) 
timing  for  the  Columbia  Street  run  was  started.  This  run  is  a  total  of 
4,695  feet  in  length  and  passes  through  seven  signalized  intersections. 
Point  B  marks  the  end  of  timing  for  the  Columbia  Street  run.  The  Main 
Street  run  starts  at  this  point  (point  B)  and  is  terminated  at  point  A, 
where  the  next  Columbia  Street  run  is  initialized.  The  Main  Street  run 
is  4,465  feet  in  length  and  also  passes  through  seven  signalized  inter- 
sections . 

Third  (southbound)  and  Fourth  (northbound)  Streets  were  used  to 
make  the  north-south  travel  time  runs  for  the  same  reasons  Main  and 
Columbia  Streets  were  chosen.  The  Third  Street  times  were  begun  at 
point  C  and  ended  at  point  D.   This  leg  of  the  route  passes  through 
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five  signalized  intersections  and  is  2,360  feet  in  length.  The  Fourth 
Street  run  began  at  point  E  and  ended  at  point  F,  also  passing  through 
five  signalized  intersections  and  being  2,345  feet  in  length. 

The  "average  car"  method  was  used  in  the  collection  of  travel  time 
data  since  for  a  given  sample  size  this  method  was  found  to  produce 
better  statistical  results  than  other  methods  when  used  on  heavily 
traveled  multi-lane  streets  (5).  At  least  50  runs  were  made  on  each 
segment  of  the  route,  as  this  was  found  to  be  the  sample  size  required 
to  achieve  five  percent  accuracy  in  determining  tavel  times  for  multi- 
lane  congested  streets  (Table  1).   Times  at  which  runs  were  to  be  made 
were  determined  in  such  a  way  that  all  classes  over  the  entire  range  of 
volumes  would  be  represented  in  the  final  sample.   This  included  peak 
times,  off  peak  times,  and  times  on  weekdays  and  weekends.   The  runs 
were  also  conducted  at  approximately  the  same  times  for  each  mode  so 
that  travel  conditions  would  be  made  as  nearly  the  same  for  all  modes 
as  possible,  so  as  not  to  bias  the  results  with  runs  made  under  different 
conditions  for  different  modes. 

A  Streeter-Amet  travel  time-distance  recorder  (Figure  12)  was  used 
to  record  the  times.   This  device  consists  of  a  timing  mechanism  and 
printing  device  that  marks  a  paper  tape  when  activated.   Up  to  12  events 
can  also  be  recorded  through  the  use  of  the  keyboard  shown  in  Figure  12. 
The  following  is  an  explanation  of  the  use  of  the  machine.   The  timing 
device  is  set  to  zero  and  started.   The  machine  counts  continuously  but 
prints  only  when  activated  through  a  switch  on  the  keyboard.   When  an 
event  is  to  be  recorded  the  number  of  the  event  is  depressed  and  the 
printer  is  activated.   A  record  of  the  event  and  the  time  (in  hundreths 
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Table  1.   Samples  Needed  for  Determining  Mean  Over-All  Speeds  on  Selected 
Test  Sections  within  Different  Limits  for  95  Percent  Degree  of 
Confidence 


Test  Section 

License-Check  Studies 

Test-Car  Runs 

Sample  Size 
for  5% 
Accuracy 

Number  Needed  for 
Accuracy  of 

5% 

10% 

....  ..... 

Signalized  Urban  Streets 

1.  Two-lane,  uncongested 

2.  Two-lane,  congested 

3.  Multi-lane,  uncongested 

4.  Multi-lane,  congested 

Rural  Sections 

5.  Two-lane,  1130  VPH 

6.  Two- lane,  1440  VPH 

7.  Four-lane,  uncongested 

32 

36 

80 

102 

25 
41 
30 

30 
40 
18 
50 

25 
42 

8 

10 

5 

13 

6 
11 

Source:   Reference  No.  5 

Note:   Five  percent  accuracy  refers  to  values  being  within  five  percent 
of  the  true  mean  speed. 
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A.  EVENT  CODE  KEYBOARD 

B.  ACTIVATES  COUNTING    MECHANISM 

C.  PRINTING  ARM 

D.  PAPER   TAPE 

E.  ACTIVATES    PRINTING  MECHANISM 

F.  INTERCONNECTING   CABLE 


FIGURE  12 -TRAVEL- TIME  AND  DISTANCE 
RECORDER 
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of  minutes)  at  which  it  occurred  are  recorded  on  the  paper  tape  (Figure 
13).   The  device  also  has  facilities  for  recording  distances  through  a 
fifth  wheel,  but  it  was  not  used  since  all  the  runs  were  made  on  the 
same  routes  and  all  pertinent  distances  were  known.   The  event  code  is 
shown  in  Figure  14.   The  events  recorded  are  as  follows: 

1.  Start  of  run 

2.  End  of  run 

3.  Centerline  of  signalized  intersection 

4.  Signal  delay 

5.  Pedestrian  delay 

6.  Turning  car  delay 

7.  Parking  car  delay 

8.  Train  delay 

All  delays  are  stopped  time  delays,  with  no  attempt  being  made  to  deter- 
mine acceleration  and  deceleration  delays. 

Continuous  manual  volume  counts  for  one  minute  intervals  were  re- 
corded simultaneous  to  travel  time  runs  on  each  route  so  that  volumes 
and  travel  times  for  the  individual  segments  of  the  routes  could  be- 
correlated.   Also  pneumatic  tube  vehicle  counters  were  employed  at  the 
same  location  (Figure  11)  so  that  a  check  on  volumes  could  be  obtained. 
Synchronized  watches  were  used  at  all  times  by  all  members  of  the  data 
collection  team. 

Spot  speeds  were  also  checked  at  various  locations  throughout  the 
system  for  the  flexible  mode  (Figure  11).   These  checks  were  made  along 
lengthy  unsignalized  sections  of  the  system  to  determine  the  average  run- 
ning speed  of  the  traffic.   A  radar  meter  was  employed  to  take  a  sample 
of  at  least  100  speeds  during  off  peak  conditions. 
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SIXTH    ST. 

3 

0 

0 

5 

" 

9 

0 

0 

0 

0 

END   SIGNAL  DELAY 

5 

0 

0 

5 

0 

8 

0 

0 

0 

0 

START  SIGNAL   DELAY 

4 

0 

0 

4 

6 

7 

0 

0 

0 

c 

NINTH    ST. 

3 

0 

0 

4 

1 

6 

0 

c 

0 

0 

TENTH    ST 

3 

0 

0 

4 

0 

2 

0 

c 

0 

0 

START    MAIN   ST.  RUN 

2 

0 

0 

3 

4 

6 

c 

0 

0 

c 

END  COLUMBIA    ST.   RUN 

I 

0 

0 

3 

3 

9 

e 

0 

0 

0 

NINTH    ST. 

3 

0 

0 

2 

6 

I 

0 

0 

0 

c 

END  PARKING  CAR  DELAY 

8 

0 

0 

2 

I 

2 

0 

0 

0 

c 

START  PARKING  CAR  DELAY 

8 

c 

0 

1 

8 

9 

0 

c 

0 

0 

SIXTH    ST. 

3 

0 

0 

1 

7 

6 

0 

0 

0 

G 

FIFTH   ST. 

3 

0 

0 

1 

5 

3 

0 

0 

0 

0 

END  PEDESTRIAN  DELAY 

7 

0 

0 

1 

3 

8 

0 

0 

0 

0 

START  PEDESTRIAN  DELAY 

7 

0 

0 

1 

2 

1 

0 

0 

0 

0 

FOURTH    ST. 

3 

0 

0 

| 

0 

9 

0 

0 

0 

0 

END  SIGNAL  DELAY 

5 

0 

0 

! 

0 

I 

0 

0 

0 

0 

START  SIGNAL   DELAY 

4 

0 

0 

0 

7 

3 

0 

0 

0 

0 

THIRD  ST. 

3 

0 

0 

0 

5 

4 

0 

0 

0 

0 

SECOND  ST. 

3 

0 

0 

0 

3 

4 

0 

0 

0 

0 

FIRST  ST. 

3 

0 

0 

0 

1 

9 

0 

0 

0 

0 

START  COLUMBIA  ST.  RUN 

i 

0 

0 

0 

0 

0 

0 

0 

0 

0 

FIGURE    13    -  SAMPLE  SECTION  OF 
TRAVEL  TIME  -  DISTANCE  RECORDER 
TAPE 
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© 

© 

© 

BEGINNING  OF 

BEGIN  AND  END 

CANCEL  RUN 

SIGNAL  DELAY 

PARKING  CAR  DELAY 

© 

© 

© 

CENTERLINE  OF 

BEGIN  AND  END 

SIGNALIZED 

PEDESTRIAN  DELAY 

INTERSECTION 

^i  ■  i^. 

© 

© 

® 

BEGIN  AND  END 

BEGIN  AND  END 

BEGIN  AND  END 

MAIN  ST.  RUN 

TURNING  CAR  DELAY 

TRAIN  DELAY 

© 

© 

© 

BEGIN  AND  END 

END  OF 

COLUMBIA  ST.  RUN 

SIGNAL  DELAY 

FIGURE  14- 

EVENT  CODE 

4] 


DATA  REDUCTION 

Volume  Data 

Through  the  use  of  synchronized  watches  it  was  possible  to  determine 
the  volumes  that  were  recorded  coincident  to  each  run.   The  volumes  re- 
corded for  a  given  run  were  then  averaged,  and  an  expansion  factor  was 
applied  to  obtain  an  hourly  volume.   In  this  manner  an  effective  hourly 
total  volume  was  associated  with  each  travel  run.   These  volumes  were 
generally  more  variable  than  actual  volumes  recorded  by  the  traffic 
counters  at  the  same  location.   This  is  due  to  the  fact  that  this  method 
of  volume  determination  reflects  the  effects  of  minute  to  minute  fluctua- 
tions more  readily  than  hourly  counts.   This  was  desirable  since  concern 
was  with  the  effective  hourly  volumes  that  prevailed  during  each  run,  and 
not  actual  hourly  volumes. 

Even  though  this  method  is  helpful  in  detecting  momentary  fluctuations 
it  still  does  not  reflect  the  true  nature  of  actual  test  vehicle  condi- 
tions in  all  cases.   In  some  instances  a  low  volume  calculated  according 
to  this  procedure  will  actually  seem  to  be  much  higher  to  the  test  vehicle 
because  of  conditions  of  congestion  in  the  immediate  vicinity  of  the  ve- 
hicle.  The  method  of  volume  determination  needs  to  be  refined  to  give 
volumes  that  are  a  truer  reflection  of  what  the  test  car  actually  ex- 
periences for  each  run.   A  congestion  index  could  be  developed  to  sup- 
plement the  volume  data.   This  factor  was  not  recognized  until  the 
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analysis  was  under  way.   The  extent  of  its  effect  was  not  determined, 
since  it  was  not  included  within  the  scope  of  the  project. 
The  following  equation  was  used  for  computing  volumes: 

(EHV).  =  (AVM).   X   (EF) 

where  (EVH) .  is  the  effective  hourly  volume  for  run  i,  (AVM).  is  the 
average  volume  per  minute  for  the  time  the  run  was  being  made,  and  (EF) 
is  an  hourly  expansion  factor.   An  example  follows: 

Data  from  Volume  Recording  Sheet 

Time  Volume 

3:36  11 

3:37  9 

3:38  12 

3:39  13 

3:40  15 

3:41  12 

3:42  10 

3:43  11 

From  the  travel  time  recorder  it  is  determined  that  a  run  was  made  from 
3:36  to  3:40;  using  the  volumes  recorded  for  these  times  the  following 
is  obtained. 

(EHV).  =  (9+12+13+15)   X   60  =  735VPH 

The  result  is  the  effective  hourly  volume  to  be  associated  with  this 
run  in  the  analysis. 

Travel  Time  Data 
Data  for  travel  time  for  each  segment  between  signals  and  the  delays 
experienced  were  recorded  individually  then  punched  in  the  same  format 
on  computer  cards.   A  program  called  AVGVAR  was  developed  that  accepted 
data  in  the  previously  mentioned  format,  summarized  the  data  for  each 
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run,  and  punched  out  cards  in  a  six  variable  format  for  each  run. 
The  variables  were  as  follows: 

1.  Volume,  V 

2.  Total  travel  time,  TT 

3.  Delay  time,  DT 

4.  Running  time,  RT 

5.  Stops  per  run,  S 

6.  Average  time  per  stop,  TS 

As  a  result  of  this  procedure,  each  run  was  completely  described 
by  a  single  punched  card  so  that  the  analysis  might  be  facilitated. 
Also  included  on  the  card  was  a  two  digit  identification  number.   The 
first  digit  was  coded  to  represent  the  street  upon  which  the  run  was 
made,  and  the  second  digit,  the  signal  mode  which  was  in  effect  during 
the  run.   The  following  code  was  used: 

Streets  Signal  Modes 

Columbia  1  Random  1 

Main  2  Simultaneous  2 

Third  3  Alternate  3 

Fourth  4  Flexible  4 

A  card  displaying  23  in  the  identification  field  would  indicate  a 
run  made  on  Main  Street  while  the  alternate  mode  of  operation  was  in 
effect. 

Eventually   a  decision  was  made  to  reduce  the  length  of  the  travel 
time  routes.   In  most  cases  the  run  was  initialized  or  terminated  by  a 
long  section  of  unsignalized  roadway.   Since  travel  times  for  these 
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sections  are  not  influenced  by  signal  modes  the  routes  were  shortened  to 
begin  at  the  centerline  of  the  first  signalized  intersection  and  end  at 
the  centerline  of  the  last  signalized  intersection  of  each  route  (Figure 
15) .   This  procedure  produced  the  desirable  result  of  eliminating  the 
stops  made  at  the  first  signal  on  each  route.   Arrivals  at  the  first 
signal  are  dependent  upon  chance  and  not  signal  timing,  since  vehicles 
outside  the  bounds  of  the  coordinated  system  are  beyond  the  realm  of  its 
control.   Contributing  to  randomness  of  arrivals  are  long  unsignalized 
approaches  to  the  system. 
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4  7 


ANALYSIS  OF  DATA 

Analysis  of  Variance 

An  analysis  of  variance  (ANOVA)  is  based  upon  a  separation  of  the 
variation  of  all  the  observations  into  parts,  each  of  which  measures 
variability  attributable  to  some  specific  source  (17).  The  purpose  of 
this  sample  variance  breakdown  is  a  comparison  of  the  means  of  each 
population  of  the  analysis. 

In  order  that  a  true  comparison  of  the  signal  modes  could  be  ob- 
tained, and  as  a  first  step  in  the  analysis,  runs  that  involved  all 
other  types  of  delays  were  discarded.   This  enabled  the  delays  and 
stops  attributable  only  to  signal  timing  to  be  determined,  giving  a  more 
realistic  comparison  of  modes  than  if  delays  caused  by  pedestrians, 
parking  cars,  etc.  were  included  in  the  analysis.   These  delays,  which 
are  common  to  all  modes,  would  generally  occur  randomly  and  independent 
of  signal  timing. 

The  data  were  then  classified  according  to  volume  levels  in  order  to 
perform  a  two-way  ANOVA.   The  two-way  analysis  is  designed  to  study 
populations  classified  by  two  characteristics.   In  this  research  the 
variables  were  grouped  according  to  volumes  and  signal  modes.   A  volume 
class  interval  of  100  was  found  to  give  a  workable  cell  size  distribution, 
since  a  larger  class  size  gave  too  few  volume  classes  and  a  smaller  class 
size  allowed  too  many  empty  cells.   However,  some  cells  were  rearranged 
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and  combined  in  order  to  avoid  empty  cells  and  cells  with  no  replication. 

For  the  results  obtained  from  the  ANOVA  to  be  meaningful  certain 
basic  assumptions  should  be  met.   The  F-test  (the  test  performed  to 
determine  significance  of  main  effects  and  interactions)  performed  in 
the  ANOVA  assumes  homogeneous  variances  among  the  several  populations; 
therefore,  variances  of  the  variables  listed  in  DATA  REDUCTION  were  tested 
for  homogeneity.   This  check  was  done  on  a  CDC  6500  computer  utilizing  the 
Datasum  program  (18).  Datasum  is  a  library  program  that  summarizes  data 
and  computes  various  statistics  from  the  data.   Two  homogeneity  of  vari- 
ance tests  (Bartlett's  test  and  the  Foster-Burr  test)  are  also  performed. 
Using  the  chi-square  values  resulting  from  Bartlett's  test  three  of  the 
six  variables  were  shown  to  have  heterogeneous  variances.   Several  data 
transformations  were  used  with  no  significant  improvement  in  the  test 
result  shown. 

Inspection  of  the  individual  cell  variances  showed  the  variances  of 
cells  within  the  random  mode  to  be  much  more  variable  than  the  remaining 
data.   This  combined  with  the  presence  of  empty  cells  at  the  higher 
volume  levels,  and  undesirable  effects  upon  the  initial  ANOVA,  resulted 
in  the  decision  to  exclude  the  random  mode  from  further  consideration  in 
the  analysis o   This  will  not  adversely  affect  the  final  outcome  since  a 
random  mode  of  operation  utilized  in  the  CBD  would  undoubtedly  yield  the 
highest  motorist  costs.   The  two  lowest  volume  classes  for  Columbia  Street 
were  also  deleted  because  of  heterogeneous  variances  due  to  small  numbers 
of  observations  in  these  cells.   The  final  sample  classified  according 
to  signal  modes  and  volumes  is  shown  in  Table  2.   Using  this  arrangement 
the  homogeneity  test  was  performed  again  yielding  the  result  shown  in 
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Table  3.   All  the  variables  displayed  homogeneous  variances  at  the 
level  a  =  0.001  except  DT  and  TS;  however,  of  these  two  variables  only 
DT  is  used  in  the  economic  analysis.   In  spite  of  this  lack  of  variance 
homogeneity  for  the  variable  DT  the  result  of  its  ANOVA  is  considered  to 
be  reliable.   Due  to  the  robust  nature  of  the  ANOVA  it  is  capable  of 
withstanding  quite  a  degree  of  heteroscedasticity  (19). 

The  ANOVA  was  performed  using  the  Purdue  University  library  program 
Unequal  (20).   This  program  is  designed  for  a  two-way  ANOVA  problem  with 
unequal  numbers  of  observations  in  the  cells.   The  analysis  is  based  upon 
section  4.4  of  Henry  Scheffe:  The  Analysis  of  Variance . 

The  final  classification  yielded  a  three  by  six  analysis  for  both 
Main  and  Columbia  Streets „   The  three  modes  of  operation  were  simultaneous, 
alternate,  and  flexible,  and  the  volumes  covered  six  classes  with  a  range 
from  400  to  1,100  vehicles  per  hour.   The  data  resulting  from  the  indi- 
vidual travel  time  routes  were  analysed  independently. 

The  ANOVA  models  took  the  form: 


where: 


Y.  .,  =m+M.  +  V.  +  (MV)  .  .  +  e,.  ... 
ijk        i    J      yiJ     (ij)k 


Y.  .,  is  the  variable  under  consideration  for  the  i-th 
ijk 

mode,  the  j-th  volume  level,  and  the  k-th  obser- 
vation in  the  (i,j)-th  cell. 
(i    is  the  variable  mean  effect. 

M.    is  the  effect  of  the  i-th  mode.   i  =  1  to  3. 

l 

V.    is  the  effect  of  the  j-th  volume  level.   j  =  1  to  6. 
(MV)..  is  the  effect  of  interactions  between  the  i-th 


mode  and  the  j-th  volume  level. 
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e,    ...     is  the  random  error  of  the  k-th  observation 
(ij)k 

within  the  i-th  mode  and  the  j-th  volume  level,, 
k  =  1  to  tt.  .. 

The  numerical  results  of  the  ANOVA  are  expressed  in  Tables  4  through 
8.   The  effects  of  modes  and  of  volumes  are  shown  to  be  significant  at 
the  level  O.   =  0*10  in  all  cases  except  one.   Modes  were  found  to  have  a 
insignificant  effect  upon  the  variable  TS  (Table  8),   This  departure 
from  the  results  of  the  ANOVA  on  the  other  variables  (significant  modes 
effect)  does  not  produce  an  undesirable  effect,  since  the  variable  TS 
is  not  independent  and  was  not  used  in  the  economic  analysis.   An  insig- 
nificant interaction  term  is  exhibited  in  all  cases.   This  shows  that 
modes  retain  their  relative  rank  across  the  full  range  of  volumes.   At 
no  point  within  the  range  of  volumes  does  either  the  simultaneous  or  the 
alternate  mode  give  better  results  than  the  flexible  mode.   A  graphical 
representation  of  insignificant  interaction  is  shown  in  Figures  16  and 
17.   These  graphs  were  obtained  by  plotting  the  results  of  a  simple 
linear  regression  on  the  cell  means  for  the  variables  TT  and  V.   The 
same  result  could  have  been  obtained  using  any  one  of  the  five  variables 
in  the  analysis.   Interaction  in  the  ANOVA  would  be  depicted  as  inter- 
section points  on  the  lines  of  the  graphs.   The  intersection  near  the 
upper  limit  on  the  Main  Street  graph  is  not  strong  enough  to  produce  a 
significant  effect. 

The  fact  that  no  significant  interaction  exists  makes  it  possible 
that  the  tests  for  differences  in  means  be  made  using  grand  means  for 
each  mode  and  not  individual  cell  means.   Since  there  is  an  unequal 
number  of  observations  in  each  cell,  a  method  that  compensates  for 
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unequal  cell  sizes  must  be  used  to  test  the  means .   The  method  developed 

by  Henry  Scheffe  (21)  is  well  suited  to  this  problem.   The  hypothesis, 

H  :  Y.  =  Y.,  is  tested,  and  Y.  and  Y.  are  declared  significantly  dif- 
o   i    j'  i      j 

ferent  at  level  cc   if: 


Y.-Y. 

i  3 


>M/.^^ 


where  Y.  and  Y.  are  the  means  being  tested,  K  is  the  total  number  of 

means  among  which  constrasts  are  being  made,  n.  and  n.  are  the  numbers 

—     —  2 

of  observations  upon  which  Y.  and  Y.  are  based,  s   is  the  unbiased  esti- 

i      J 

mate  of  the  error  variance  (error  MS  with  df  degrees  of  freedom  in  this 
case),  and  F   is  the  lOOQi  percent  point  from  the  F-distribution  with 
K-l  and  df  degrees  of  freedom.   All  pairs  of  means  for  the  independent 
variables  (DT,  RT,  and  S)  were  tested  by  this  method.   This  procedure 
showed  the  flexible  means  for  each  variable  to  be  significantly  lower 
than  the  alternate  and  simultaneous  means  at  the  level  CC   =  0.05  in  every 
case  (Table  9). 

Economic  Analysis 

The  initial  step  of  the  economic  analysis  is  identification  of  the 
costs  involved.   Here  the  concern  is  the  total  cost  of  making  a  run 
through  the  signal  system,  so  that  a  comparison  of  the  costs  for  the 
different  modes  of  operation  may  be  obtained. 

The  operation  of  a  vehicle  incurs  two  basic  costs,  these  being  the 
cost  of  operating  the  vehicle  and  the  value  placed  upon  the  motorist's 
time  consumed  while  operating  the  vehicle.   The  operating  cost  of  the 
vehicle  can  be  further  divided  into  fixed  and  variable  costs.   Fixed 
costs  remain  constant  whether  the  vehicle  is  used  or  left  idle;  examples 


61 


Table  9.   Results  of  Scheffe  Test  for  Differences  in  Means 
Variable 


Street 


Hypothesis   Difference   Test  Value         b 
Tested      in  Means    @  a  =  0.05 


COLUMBIA 

Delay  Time 
s2=  1121.84 

YA 

Ys 

= 

Ys 

YF 

3.52 
65.07 

8.20 
8.11 

1 
S 

ns  =  63 
nA=37 

YA 

= 

YF 

61.55 

7.27 

s 

np=64 

Running  Time 

YA 

Ys 

= 

Ys 

YF 

6.73 

4.66 

s 

s2=  361.64 

= 

7.04 

4.57 

s 

df  =  146 

YA 

= 

YF 

14.77 

4.13 

s 

Stops 
s2=  1.04 

Ys 

= 

Ys 

YF 

0.73 
1.19 

0.25 
0.25 

s 
s 

YA 

= 

YF 

1.92 

0.22 

s 

MAIN 

Delay  Time 

YA 

Ys 

= 

Ys 

YF 

5.75 

10.77 

1 

s2=  1998.06 

= 

30.07 

7.78 

s 

ns=63 

n  =  39 

A 

YA 

= 

YF 

35.82 

10.89 

s 

Running  Time 

YA 

= 

Y£ 

2.85 

6.19 

I 

s2=  659.10 

Ys 

YA 

= 

YF 
YF 

28.44 

5.62 

s 

df  =  145 

= 

25.59 

6.26 

s 

Stops 
s2=  1.01 

YA 

Ys 

= 

YF 

0.43 
1.41 

0.25 
0.22 

s 
s 

YA 

= 

YF 

1.84 

0.25 

s 

Subscript  code:   S,  simultaneous  mode;  A,  alternate  mode;  F,  flexible 
mode . 

^I ,  insignificant  differences  in  means;  S,  significant  differences  in 
means. 
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are  depreciation  and  insurance.   Variable  costs  include  expenses  for 
gasoline,  tires,  and  motor  oil.   These  costs  are  dependent  upon  the 
amount  of  vehicle  use,  speed  of  travel,  type  of  road  surface,  and  other 
factors  o 

It  is  apparent  that  the  total  vehicle  cost  for  making  a  run  through 
the  signal  system  consists  of  the  cost  of  operating  a  vehicle  at  a  given 
speed,  the  additional  cost  incurred  by  making  stops,  the  added  cost  of 
delays,  and  the  value  placed  upon  the  motorist's  time. 

Since  the  variables  in  the  statistical  analysis  were  shown  to  have 
insignificant  interaction  terms,  and  the  Scheffe  test  shows  significant 
differences  in  the  means,  the  grand  mean  for  each  variable  for  the  dif- 
ferent modes  was  used  to  develop  an  economic  equation  for  computing  the 
cost  per  run  for  the  different  signal  modes  and  travel  time  routes 
(Table  10).   Using  the  independent  variables  RT,  DT,  and  S  the  following 
equation  was  developed: 

CR.  .  =  RT .  .  (A,  +A..  )  +  DT.  .  (A_+A.  )  +  S.  .  (A-) 
ij     ij   1  4      ij   2  4     ij   3 

where: 

CR..   Total  cost  to  motorist  per  run  through 
signal  system  on  route  i  and  mode  j. 

RT . .   Average  running  time  per  run  required  for 
route  i  and  mode  j . 

DT .  .   Average  delay  time  experienced  for  route 


ij 


i  and  mode  j 


S.  .   Average  number  of  stops  made  per  run  for 


ij 


route  i  and  mode  j, 


A,     Operating  cost  for  standard  vehicle  running 
on  high  type  pavement  at  20  mph. 

A     Idling  cost  of  standard  vehicle  during  delay. 
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Table  10.   Over-All  Means  Obtained  from  the  Statistical  Analysis 


MAIN  STREET 


Signal  Mode 


Delay  Time 


Running  Time 


Stops  Per  Run 


Simultaneous 
Alternate 
Flexible 
Standard  Error 


90.79 
96.54 
60.72 
44.60 


205.75 

202.90 

177.31 

25.60 


2.95 
3.38 
1.54 
1.02 


COLUMBIA  STREET 


Signal  Mode 

Di 

slay  Time 

Simultaneous 

82.93 

Alternate 

79.41 

Flexible 

17.86 

Standard  Error 

33.40 

Running  Time 


Stops  Per  Run 


175.46 

182.19 

168.42 

19.00 


2.38 
3.11 
1.19 
1.00 


The  units  applicable  to  table  values  are  one  hundreths  of  a  minute;  to 
obtain  time  in  seconds  these  values  must  be  multiplied  by  0.60.   Stops 
per  run  have  the  appropriate  units  as  written. 


hU 


A~    Excess  cost  incurred  by  bringing  standard 

vehicle  to  stop  from  20  mph,  then  accelerat- 
ing back  to  20  mph. 

A,     Value  placed  on  average  motorist's  time. 

By  checking  spot  speeds  within  the  system,  the  average  running  speed 
was  found  to  be  approximately  20  miles  per  hour,  therefore,  this  speed 
was  used  for  determining  operating  costs.   Values  determined  by  Winfrey 
(22)  were  used  for  the  constants  A1 ,  A  ,  and  A  .   Winfrey  bases  these 
costs  upon  an  average  vehicle  that  most  closely  represents  the  entire 
range  of  vehicles  using  the  street  system.   This  vehicle  is  thought  to 
be  representative  of  the  range  of  passenger  cars  in  use  today.   It  is  a 
3,500  pound  passenger  car  with  a  gross  running  weight  of  4,000  pounds 
and  is  equipped  with  an  eight  cylinder  engine  of  302  cubic  inches.   A 
is  the  cost  of  operating  this  vehicle  at  20  miles  per  hour  on  a  level 
tangent  section  of  a  high  type  pavement.   Included  in  this  constant  are 
costs  for  tires,  oil,  maintenance,  depreciation,  and  gasoline  (including 
taxes).   A   is  the  cost  of  idling  the  standard  vehicle  during  delays, 
and  includes  gasoline,  oil,  engine  maintenance  and  depreciation  costs. 
The  excess  cost  incurred  by  bringing  this  vehicle  to  a  stop  from  20  miles 
per  hour,  and  then  accelerating  back  to  20  miles  per  hour  is  represented 
by  A„.   The  value  to  be  placed  upon  a  motorist's  time  is  a  much  debated 
item;  however,  a  figure  in  common  use  today  is  1.60  dollars  per  hour. 
This  figure  was  used  for  A, .   Table  11  is  a  summary  of  the  costs  used 
in  the  analysis. 

Substitution  of  the  appropriate  values  into  the  economic  equation 
yielded  the  cost  per  run  for  the  different  signal  modes  and  travel  time 
routes.  This  cost  was  then  expanded  in  each  case  to  an  annual  cost  by 
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Table  11.   Values  Used  to  Compute  Operating  and  Delay  Costs 

Vehicle:   4000  lb  passenger  car       Roadway  Surface:   High  type  pave- 
ment in  good  condition 

a 
Dollars  Running  Cost  at  Uniform  Speed  on  Level  Tangents 

Running  Cost  by  Item  Total 


Speed    

mph          ,  „  ,  Cost 

nb    mJ       Engine  Mainten-  Deprecia- 

Fuel     Tires     _?,  *. 

Oil  ance  tion 

20       16.07    0.82      1.75  5.93  18.03        42.60 


Fuel 


c 
Cost  of  Idling  Engine  with  Stationary  Vehicle 

Idling  Cost  by  Item  Total 

~  „     .         Cost 

Engine         Engine        Deprecia- 

Oil        Maintenance        tion 


84.64      3.48  7.54  19.20        114.86 


Dollars  Excess  Cost  of  Speed-Change  Cycles 
Excess  Cost  about  Continuing  at  Initial  Speed 

Initial    Speed  Reduced  to  and  Returned  from,  mph 
Speed 


Stop        5        10       '20 


20         4.95       3.81     2.66      1.44 


e 

Cost  of  Motorist's  Time 


1.60 


.Unit:  dollars  per  1000  vehicle  miles. 

Includes  state  and  federal  tax  of  12  cents  per  gallon 
.Unit:  dollars  per  1000  vehicle  hours. 

Unit:  dollars  per  1000  speed  change  cycles. 

Unit:   dollars  per  hour. 

Source:  Reference  22. 
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applying  the  associated  yearly  volumes  for  the  years  1963  through  1970. 
Average  volumes  were  known  for  the  years  of  1963  and  1970.   In  order  to 
obtain  volumes  for  the  intervening  years  a  linear  growth  was  assumed, 
with  no  attempt  being  made  to  determine  a  growth  rate  factor  since  the 
time  period  was  short  and  the  growth  was  relatively  small  (Table  12). 
The  results  of  these  calculations  shown  in  Table  13  show  the  flexible 
mode  produces  significantly  lower  costs  to  the  road-user  than  the  simul- 
taneous or  alternate  modes.   The  simultaneous  mode  is  also  shown  to  be 
an  improvement  over  the  alternate  mode.   Therefore,  in  order  to  be  con- 
servative the  economic  evaluation  was  done  relative  to  the  simultaneous 
system.   See  APPENDIX  A  for  sample  calculations. 

The  money  invested  in  the  installation  of  the  flexible  system 
(approximately  200,000  dollars)  could  conceivably  have  been  invested  in 
business  or  deposited  in  savings;  in  both  cases  a  profit  in  the  form  of 
interest  paid  on  the  investment  would  have  most  likely  resulted.   There- 
fore, each  year's  savings  cannot  be  used  for  analytical  purposes  until 
an  appropriate  interest  rate  has  been  applied,  and  the  worth  of  each 
year's  saving  is  established  for  the  base  year  of  1963.   Here,  in  order 
to  be  conservative  and  to  compensate  for  the  effects  of  inflation  an 
interest  rate  of  ten  percent  was  used.   This  procedure  reveals  the 
flexible  system  to  have  realized  benefits  in  terms  of  operating  and  de- 
lay costs  valued  at  approximately  790,000  dollars  over  the  simultaneous 
system  during  the  years  it  has  been  in  operation  (Table  14). 
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Table  13.   Annual  Cost  to  Users  for  Different  Signal  Systems' 


be; 


Year 


Street 


Modes  of  Operation 


Simultaneous 


Alternate 


Flexible 


1963 


Main 
Columbia 

Total 


325,520 
225,790 

551,310 


332,040 
233,140 

565,180 


254,280 
165,380 

419,660 


1964 


Main 
Columbia 

Total 


327,050 
227,910 

554,960 


333,600 
235,340 

568,940 


255,470 
166,940 

422,410 


1965 


Main 
Columbia 

Total 


328,560 
230,040 

558,600 


335,150 
237,530 

572,680 


256,660 
168,500 

425,160 


1966 


Main 
Columbia 

Total 


330,090 
232,110 

562,200 


336,710 
239,670 

576,380 


257,850 
170,000 

427,850 


1967 


Main 
Columbia 

Total 


331,610 
234,170 

565,780 


338,260 
241,800 

580,060 


259,050 
171,520 

430,570 


1968 


Main 
Columbia 

Total 


333,140 
236,240 

569,380 


339,810 
243,940 

583,750 


260,230 
173,040 

433,270 


1969 


Main 
Columbia 

Total 


334,660 
238,310 

572,970 


341,370 
246,070 

587,440 


261,420 
174,550 

435,970 


1970 


Main 
Columbia 

Total 


335,890 
240,380 

576,270 


342,630 
248,210 

590,840 


262,390 
176,070 

438,460 


Unit:  dollars 
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RESULTS  AND  CONCLUSIONS 

The  results  of  the  economic  analysis  show  quite  vividly  that  the 
flexible  coordinated  traffic  signal  system  was  a  good  investment  for  the 
City  of  Lafayette.   The  analysis  of  the  data  would  possibly  have  been 
more  meaningful  if  the  random  mode  of  operation  had  been  allowed  to 
remain  in  the  analysis,  since  this  was  the  basic  condition.   A  comparison 
to  this  mode  would  have  revealed  the  actual  amount  saved  by  the  new  sys- 
tem over  the  previous  installation.   This  would  have  been  desirable  but 
was  not  possible  due  to  the  distribution  of  the  random  data.   Conceivably 
the  random  system  could  have  been  brought  up  to  the  performance  standards 
of  the  simultaneous  system,  however,  the  random  system  was  not  coordinated 
and  would  have  required  constant  monitoring  and  maintenance  to  keep  the 
timing  of  adjacent  signals  synchronized.   Therefore  the  simultaneous 
system's  performance  can  be  thought  of  as  being  the  ultimate  that  could 
have  been  obtained  with  no  capital  expenditure.   This  makes  the  result  of 
the  analysis  more  meaningful  and  shows  again  the  initial  investment  has 
proven  to  be  very  sound  indeed.   Although  a  statistical  analysis  could 
not  be  performed  using  the  random  data,  a  look  at  the  means  of  the  vari- 
ables for  this  mode  reveals  that  this  system  probably  operated  at  a  higher 
cost  to  the  user  than  the  simultaneous  system,  therefore,  greater  savings 
would  have  been  realized  over  the  basic  condition  than  those  reported. 
This  could  be  expected  from  the  very  nature  of  the  random  mode  of 
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operation,  in  that  it  does  not  seek  to  set  up  an  orderly  flow  of  traffic. 
It  must  be  remembered  that  this  is  not  the  result  of  sound  statistical 
procedure,  and  is  not  conclusive  evidence  that  the  simultaneous  system  is 
actually  better  than  the  random  system,  but  it  does  seemingly  reinforce 
the  conclusions  reached  by  this  research. 

Since  a  check  of  the  effect  of  the  various  modes  on  cross  traffic 
was  not  possible  it  must  be  assumed  that  cross  traffic  was  not  adversely 
affected  by  the  operation  of  the  flexible  mode.   This  research  reports 
only  savings  produced  on  Main  and  Columbia  Streets,  so  if  the  flexible 
mode  could  do  no  better  than  produce  results  comparable  to  the  simultane- 
ous mode  in  the  crossing  direction  the  savings  reported  would  remain 
valid.   Investigation  of  travel  time  runs  done  in  the  crossing  direction 
for  the  flexible  mode  reveals  no  serious  problem.   Also  a  check  on  the 
average  running  speed  shows  cross  traffic  has  not  suffered  unduly  from 
the  flexible  system  (APPENDIX  B) .   A  comparison  of  the  effect  of  the 
modes  on  cross  traffic  would  undoubtedly  reveal  additional  savings 
attributable  to  the  flexible  system. 

A  conservative  approach  has  been  taken  in  this  research  in  order  to 
avoid  unfairly  biasing  the  result  in  favor  of  the  flexible  signal  system. 
When  compared  to  its  original  cost  the  savings  attributable  to  this  sys- 
tem seem  staggering;  however,  if  the  combined  savings  for  the  total  sys- 
tem were  known  it  would  probably  be  much  greater.   Other  factors  that 
tend  to  make  the  analysis  conservative  are  the  ten  percent  interest  rate 
used  in  the  economic  analysis,  and  the  fact  that  only  12  hour  volumes 
were  used  in  calculating  the  costs.   The  number  of  vehicles  per  day  using 
the  system  outside  the  study  time  were  small  in  comparison  to  volumes 
used,  but  this  would  certainly  have  added  to  the  savings.   The  following 
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are  the  major  findings  of  this  research: 

1.  The  flexible  system  is  shown  to  be  a  significant  improve- 
ment over  the  simultaneous  coordinated  and  alternate  co- 
ordinated systems  for  the  full  range  of  volumes  (400-1100 
veh/hr)  tested.   This  system  produces  lower  running  times, 
delay  times,  and  number  of  stops  per  run  than  either  of 
the  other  systems  under  comparison. 

2.  At  the  present  time  the  flexible  system  is  saving  approxi- 
mately 140,000  dollars  per  year  in  delays  and  operating 
costs  over  the  next  best  system.   This  figure  will  un- 
doubtedly increase  in  the  future  since  volumes  are  ever 
increasing. 

3.  The  accumulated  savings  attributable  to  the  flexible 
system  for  the  period  of  time  from  1963  through  1970 
amounts  to  approximately  790,000  dollars.   This  is  the 
1963  present  worth  of  the  savings  with  a  ten  percent 
rate  of  return  applied. 

4.  Based  upon  a  installation  cost  of  about  200,000  dollars 
the  flexible  system  has  realized  a  net  savings  of 
590,000  dollars  (1963-1971). 

1963  present  worth  of  savings    <iar\   000 
at  ten  percent  rate  of  return 

Cost  of  installation  200,000 

Net  savings  attributable  to      $S90  000 
the  flexible  system 
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5„   The  flexible  system  effectively  paid  for  itself  in  delay 
and  operating  cost  savings  in  less  than  two  years  from 
its  installation  date  (Figure  18). 
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SUGGESTIONS  FOR  IMPROVEMENT  AND  ADDITIONAL  RESEARCH 

Suggestions  for  Improving  the  Flexible  System 
The  original  timing  plan  for  the  Lafayette  signal  system  was  de- 
veloped in  1963  by  the  Traffic  Control  Corporation  of  Chicago,  Illinois. 
This  plan  was  formulated  from  a  limited  amount  of  data  made  available 
through  earlier  efforts  of  this  research.   The  timing  plan  was  meant  to 
be  a  starting  point  for  the  development  of  the  most  efficient  system  for 
this  particular  city  and  equipment.   As  stated  in  the  report  made  to  the 
city  by  Traffic  Control  Corporation:  "A  copy  of  this  traffic  information, 
along  with  other  reference  material,  is  included  for  use  in  the  further 
field  work  that  must  be  done  to  realize  the  full  efficiency  of  the  signal 
system.   The  following  suggestions  should  be  considered  as  only  a  start- 
ing point  from  which  a  really  efficient  PR  Traffic  Signal  System  can  be 
developed  for  the  City  of  Lafayette"  (23). 

Many  times  officials  of  small  cities  have  the  tendency  to  leave  well 
enough  alone.   This  is  caused  by  fear  of  criticism,  lack  of  trained  per- 
sonnel, lack  of  funds,  etc.   With  the  insight  provided  by  hindsight  it 
can  clearly  be  seen  that  this  would  have  been  the  best  philosophy  in 
many  cases  when  supposed  "improvements"  have  provided  undesirable  re- 
sults.  This  must  not  be  used  as  an  excuse  for  being  satisfied  with  less 
than  the  optimum,  for  one  should  constantly  strive  to  develop  more 
efficient  methods  for  the  movement  of  persons  and  goods. 
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The  Lafayette  signal  system  is  now  operating  on  much  the  same  plan 
that  was  established  in  1963.   A  few  of  the  offsets  have  been  speeded  up 
in  order  to  compensate  for  the  short  block  lengths,  but  nothing  has  been 
done  to  compensate  for  increased  traffic  volumes  or  changes  in  traffic 
patterns.   Stipulations  might  have  been  made  in  the  original  contract  to 
have  the  Traffic  Control  Corporation  periodically  revise  and  update  the 
signal  timing. 

Presently  this  system  offers  great  advantages  over  other  systems, 
but  its  potential  is  not  being  fully  realized  under  changing  conditions. 
The  following  discussion  and  suggestions  are  based  upon  observations  made 
during  the  data  collection  and  the  results  of  this  research. 

The  detector  located  between  Fifth  and  Sixth  Streets  on  Main  Street 
is  placed  to  detect  circulating  traffic  in  the  CBD.   This  is  useful  at 
times  such  as  Friday  evenings  when  businesses  remain  open  until  9:00  P.M. 
At  these  times  vehicles  tend  to  accumulate  within  the  bounds  of  the  sys- 
tem with  a  lesser  amount  of  traffic  coming  into  and  leaving  the  area. 
When  this  occurs  the  system  would  then  be  switched  to  the  circulation 
detector  for  its  operating  information.   This  tends  to  keep  the  system 
operating  on  a  longer  cycle  length  in  order  to  compensate  for  high  vol- 
umes within  the  system.   At  the  present  time  the  equipment  necessary  for 
this  phase  of  the  operation  is  inoperative,  and  in  fact,  has  been  unused 
since  its  installation.   If  this  equipment  were  programmed  to  operate  in 
an  efficient  manner  and  were  put  into  use  it  could  be  a  valuable  aid  in 
moving  traffic  more  efficiently  at  certain  times  in  the  Lafayette  CBD. 

As  presently  programmed  the  input  volumes  seldom  reach  a  level  high 
enough  to  switch  the  system  into  heavy  offset  operation.   If  this  offset 
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were  utilized  the  system  would  switch  to  simultaneous  operation  at  high 
volumes.   From  the  motorist's  viewpoint  the  simultaneous  operation  might 
be  more  acceptable  and  seem  to  produce  lower  travel  times.   As  the  system 
presently  operates,  high  volumes  produce  queues  of  over  one  full  block 
length  and  create  extensive  congestion  at  cross  streets.   This  is,  to  a 
large  degree,  due  to  the  extremely  short  block  lengths.   Simultaneous 
operation  utilizing  a  very  long  cycle  length  could  be  effective  in  re- 
ducing the  magnitude  of  this  congestion. 

The  data  for  the  flexible  mode  shows  high  numbers  of  stops  of  very 
short  duration  at  various  locations  throughout  the  system.   Seventy-five 
percent  of  the  stops  at  these  locations  are  six  seconds  or  less  in  length 
with  many  of  them  only  two  to  three  seconds  long.   If  at  these  inter- 
sections, the  offsets  could  be  altered  sufficiently  to  eliminate  these 
very  short  delays  without  adversely  effecting  the  cross  traffic,  a  sav- 
ings in  delay  and  operating  cost  to  the  motorist  could  be  realized.   Also 
if  the  delays  caused  by  these  stops  were  subtracted  from  the  data  pre- 
viously analyzed,  the  result  would  have  shown  this  system  even  more 
superior.   Table  15  shows  a  summary  of  the  stops  made  at  locations  where 
this  has  its  most  pronounced  effect.   This  occurs  exclusively  in  sections 
of  very  short  block  lengths,  suggesting  that  signal  timing  has  not  been 
set  to  be  fully  compatible  with  blocks  of  such  short  lengths. 

The  intersection  of  Third  and  Ferry  Streets  presents  a  problem  similar 
to  the  previous  one.   This  intersection  is  located  at  the  end  of  a  fairly 
long  unsignalized  section  of  roadway.   The  average  driver  has  a  tendency 
to  beat  the  offset  here  again.   The  posted  speed  limit  is  higher  than 
the  speed  of  progression  so  most  drivers  arrive  at  Third  and  Ferry  Streets 


Location 
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Table  15„   Stop  Summarization  for  Locations  with  High  Incidence  of 
Short  Term  Delays  for  Flexible  Mode  of  Operation. 


Duration  of  Stop  in  Seconds 


0-6        7-12        13-18        19-24        25-30        31-36        37-42       43-48 


Columbia 
Second 
Third 

Fourth 


15 

2 

13 


Main 
Second 
Third 
Fourth 


4     1 

12    3 

6     1 


Third 
Ferry 
Main 


5 
15 


26 
6 


11 
1 


Fourth 

Main 
Brown 


15 
15 
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6-12  seconds  ahead  of  the  green  light.   A  total  of  64  runs  was  made 
through  this  intersection  and  of  these  64  runs  a  stop  was  required  46 
times.   Here  again  the  need  to  re-evaluate  the  offset  plan  is  seen. 
Other  locations  suffer  this  same  malady  but  not  as  severely  as  the  Third 
and  Ferry  location. 

The  original  signal  timing  was  based  upon  1963  volumes;  however, 
during  the  period  of  time  that  has  elapsed  since  then  traffic  volumes 
have  grown  and  patterns  have  changed.   There  has  been  a  ten  percent  in- 
crease in  volumes  in  the  east-west  direction  but  a  much  larger  increase 
has  occurred  in  the  north-south  direction  (around  20  percent) .   This 
shows  a  definite  change  in  traffic  patterns.   These  factors  indicate 
that  the  original  timing  should  be  re-evaluated  and  updated  to  meet  the 
present  needs  more  effectively. 

In  general  motorists  tend  to  drive  faster  than  the  speed  of  progres- 
sion when  given  the  opportunity.   In  some  cases  this  is  due  to  extremely 
low  speeds  of  progression,  but  usually  results  from  the  motorists'  desire 
"to  get  there  faster".   Most  motorists  do  not  realize  they  will  only 
suffer  more  delay  by  driving  at  higher  rates  of  speed.   The  majority  of 
drivers  does  not  know  that  the  signal  timing  is  designed  to  operate  at 
peak  efficiency  at  a  certain  speed.   It  seems  if  the  public  were  periodi- 
cally given  information  about  progression  speeds  and  the  basic  operational 
principles  of  the  system,  they  would  utilize  the  system  more  effectively. 
It  is  only  logical  that  the  motorist  will  not  realize  the  full  benefit 
obtainable  from  the  system  if  he  doesn't  know  what  it  can  do  for  him. 

The  location  and  utilization  of  the  detection  units  should  be  checked 
to  determine  whether  or  not  they  are  providing  realistic  information  to 
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the  computer.   It  is  imperative  that  this  phase  of  the  operation  trans- 
mit an  accurate  picture  of  actual  traffic  conditions,  because  the  operat- 
ing plan  for  the  entire  system  is  based  upon  the  detector  input.   At 
present  detection  is  thought  to  be  insufficient.   Three  detectors  monitor 
inbound  traffic  and  two  monitor  outbound  traffic,  however,  the  system  is 
capable  of  handling  four  inputs  for  each  direction.   An  increase  in  de- 
tection would  seemingly  transmit  a  more  accurate  picture  of  actual  con- 
ditions.  Also  in  a  grid  street  system  such  as  this  it  would  seem  more 
logical  to  base  detection  on  east-west  and  north-south  movements  rather 
than  inbound  and  outbound  movements. 

As  previously  stated  the  preceding  statements  are  only  suggestions 
based  mostly  upon  observations  made  during  data  collection.   Any  actual 
improvements  made  would  most  certainly  have  to  be  based  upon  factual 
information  obtained  from  detailed  studies  of  volumes  and  traffic  patterns 
and  eventual  testing  of  the  proposed  improvements  on  the  system. 

Suggestions  for  Additional  Research 

As  the  Lafayette  signal  system  presently  operates,  it  has  been  shown 
to  be  far  superior  to  less  costly  and  less  sophisticated  systems.   The 
flexibility  of  this  system  affords  great  savings  in  time  and  operating 
expenditures  to  the  motorist.   This  is  not  to  imply  that  the  flexible 
system  is  the  answer  for  all  cities  of  comparable  size.   Additional  re- 
search is  needed  in  several  areas.   The  following  further  research  is 
recommended: 

1.   The  flexible  progressive  system  was  compared  to  a  coordinated 
alternate  system  and  a  coordinated  simultaneous  system.   It  would  be  of 
interest  to  compare  the  flexible  progressive  system  to  a  simple 


progressive  system  since  the  operating  characteristics  of  this  system 
are  more  akin  to  the  flexible  system. 

2.  This  research  was  done  comparing  only  delay  costs  and  operating 
costs.   It  would  also  be  desirable  to  determine  the  effects  of  maintenance 
costs  upon  the  results. 

3.  The  development  of  a  better  method  for  determining  volumes  ex- 
perienced by  the  test  vehicle  is  desirable.   Many  times  average  volumes 
do  not  reflect  the  true  nature  of  the  volume  conditions  in  the  immediate 
area  of  the  test  vehicle. 

4.  It  is  also  suggested  that  the  present  system  be  improved  through 
information  made  available  by  this  research  and  other  sources.   Then  a 
comparison  should  be  made  between  the  present  system  and  the  improved 
system,  and  the  effects  of  improvements  made  for  east-west  movement  on 
the  traffic  flow  in  the  north-south  direction  should  be  tested. 
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APPENDIX    A 

Sample   Calculations    for    the  Annual   Operating   and   Delay 
Costs    to    the  Road-Users    for   a   Given  Route   and  Mode   of  Operation 

CR.  .    =  RT.  . (A.+A. )    +  DT.  . (A0+A, )    +  S.  . (A_) 
lj  ij      1     4  ij      2     4  ij      3 

given: 

i,  Columbia  Street 
j,  Simultaneous  Mode 

from  Table  10  from  Table  11 

RT  =  175.46  A.  =  42.60  $/1000  veh  miles 

DT  =   82.93  A  =  114.86  $/1000  veh  hrs 

S  =   2.38  A-  =   4.95  $/1000  stops 

A.  =    1.60  $/hr 
4 

Times  recorded  by  the  travel  time  and  distance  recorder  are  in 

hundreths  of  a  minute;  therefore,  RT  and  DT  must  be  multiplied  by  0.60 

to  obtain  time  in  seconds.   Factors  A,,  A„  and  A,  must  also  be  converted 

12      4 

to  dollars  per  second  so  the  result  of  the  economic  equation  has  the 
appropriate  units  of  dollars  per  vehicle  run. 

RT  ■  0.60  X  175.46  =  105.28  sec/veh  run 
DT  =  0.60  X  82.93  =  49.76  sec/veh  run 
S  =  2.38  stops/veh  run 
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A   =  42.60  $/1000  veh  miles  X  yrj^p  X  20  mph  X  -J^q^ 


sec 
000237  $/sec 


A0  =  114.86  $/1000  veh  hrs  X  T7^§r   x 


.,-r.w    y/J.ww«  v=x.  ^»  «  10()0     360Q  gec 
=  .000032  $/sec 


A   =  4.95  $/1000  stops  X  y^  =  .00495  $/stop 


A.  =  1.60  $/hr  X  -—TT1 —  =  .000444  $/sec 
4  3600  sec 


AL  +  A4  =  .000237  +  .000444  =  .000681  $/sec 


A2  +  A4  =  .000032  +  .000444  =  .000476  $/sec 


CR. .  =  105.28  sec/veh  run  X  .000681  $/sec  +  49.76  sec/veh  run 
X  .000476  $/sec  +  2.38  stops/veh  run  X  .00495  $/stop 
=  .07169  +  .02548  +  .01178 
=  .10896  $/veh  run 

This  number  is  then  expanded  to  the  1970  cost  by  applying  the  1970 
volume  for  Columbia  Street  found  in  Table  12. 

Average  Weekday  -  6725  veh/day 
Average  Saturday  -  5500  veh/day 
Average  Sunday    -   3300  veh/day 

Here  each  vehicle  is  assumed  to  traverse  the  entire  length  of  the  route; 
therefore,  each  vehicle  represents  one  vehicle  run  so  the  units  for  the 
volumes  become  veh  run/day. 
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Cost  for  1970  =  260  weekdays/year  X  6725  veh  run/day  X  .10896  $/veh  run 
+  52  Saturdays/year  X  5500  veh  run/day  X  .10896  $/veh  ri 
+  52  Sundays/year  X  3300  veh  run/day  X  .10896  $/veh  run 

=  190,516  +  31,163  +  18,698 

=  240,377  $/year 

The  results  of  these  calculations  are  shown  in  Table  13. 
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Table  16.   Average  Running  Speeds  for  Different  Modes  and  Routes' 
Street  Mode 


Alternate     Simultaneous     Flexible 


Main  15.0  14. 8  17.2 

Columbia  16.4  17.2  17.9 

Third  -  -  15.7 

Fourth  -  -  17.0 
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Speeds  in  mph. 

Note:   Speeds  were  obtained  by  dividing  the  route  length  by 
the  average  running  time  for  that  route. 


